Ubiquilin proteins facilitate delivery of ubiquitinated proteins to the proteasome for degradation. Interest in the proteins has been heightened by the discovery that gene mutations in UBQLN2 cause dominant inheritance of amyotrophic lateral sclerosis (ALS). However, the mechanisms by which the mutations cause ALS are not known. Here we report on the underlying defect of ubiquilin-2 proteins containing ALS-linked mutations in affecting proteasome-mediated degradation. We found that overexpression of ubiquilin-2 proteins containing any one of five different ALS mutations slow degradation of Myc, a prototypic proteasome substrate. Examination of coprecipitating proteins indicated that the mutant proteins are generally capable of binding polyubiquitinated proteins, but defective in binding the proteasome. GST-pulldown studies revealed that many of the mutants bind weaker to the S5a subunit of the proteasome, compared with wild type (WT) ubiquilin-2 protein. The results suggest the mutant proteins are unable to deliver their captured cargo to the proteasome for degradation, which presumably leads to toxicity. Quantification of cell death is consistent with this idea. Measurement of protein turnover further indicated the mutant proteins have longer half-lives than WT ubiquilin-2. Our studies provide novel insight into the mechanism by which ALS-linked mutations in UBQLN2 interfere with protein degradation.
Introduction
Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative disorder that is associated with loss of upper and lower motor neurons [1] . The disease typically strikes in the fifth decade of life with classical symptoms being the loss of voluntary movements, including speaking, swallowing, walking and breathing. A devastating feature of the disease is the debilitating and rapid deterioration of symptoms that invariably leads to fatality within two to five years after diagnosis. There is currently no treatment to halt or cure ALS.
Major insight into ALS is emerging from understanding the genetic underpinnings of the disease. Although the vast majority of ALS cases are sporadic, about 10% can be traced to inheritance of mutant genes. Genetic studies have identified mutations in~20 different genes by their linkage to familial ALS [2] [3] [4] . Classification of the genes according to their function indicates two large clusters, those involved in protein homeostasis (proteostasis) and RNA metabolism, suggesting that defects in these two systems are a major trigger for ALS [3, 4] . However, the remaining genes are involved in a multitude of cellular functions suggesting ALS can be triggered by alteration in a broad variety of cellular targets.
One of the genes mutated in ALS that functions in proteostasis is UBQLN2, an intronless gene located on the X chromosome. Discovery that mutations in the UBQLN2 cause ALS was first reported in five families with dominant inheritance of the disease [5] . The five families were each found to carry single point mutations that were predicted to encode nonsynonymous substitutions of different proline residues (P497H, P497S, P506T, P509S and P525S mutations) in an unusual PXX repeat motif of unknown function located in the central domain of the 624 amino acids (aa) long ubiquilin-2 protein. Subsequent to this discovery several additional mutations in UBQLN2 have been reported [6] [7] [8] . However, the mechanisms by which any of the UBQLN2 mutations cause ALS is not known, although some initial studies of some of them suggest the encoded proteins might interfere with proteasomal degradation [5, 9, 10] . How the mutations interfere with proteasomal degradation is not clear as all of the UBQLN2 mutations described so far map in the central domain of the encoded ubiquilin-2 protein, but not in its surrounding functional ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains, located at the amino-terminus and carboxyl-terminus, respectively [11] [12] [13] . The UBA domain has the capacity to bind polyubiquitinated proteins whereas the UBL domain helps deliver the captured polyubiquitinated proteins to the proteasome by binding the S5a subunit of the proteasome [14] [15] [16] . Here we investigated the molecular basis for how mutant ubiquilin-2 proteins carrying different ALS mutations affect proteasomal degradation. We show that the mutant proteins are not compromised in polyubiquitin binding, but instead most defective in binding the proteasome.
Materials and Methods

Cell Culture and Cell Death Assays
HeLa cells were grown in DMEM supplemented with 10% FBS (Sigma, St. Louis, MO) at 37°C with 5% CO 2 . For the cell death, turnover, and immunoprecipitation experiments, cells were plated at equal densities and transfected with equal amounts of plasmid cDNAs using Lipofectamine LTX (Life Technologies, Grand Island, NY) for 5 to 6 hours (hrs) using the protocol provided by the manufacturer. For quantification of cell death, cultures, 20 post-transfection, were incubated with Hoechst 33342 at a concentration of 1μg/mL for 15 minutes (min) and then 3 fluorescence images from random areas of the dishes were captured on a Zeiss 100 inverted microscope using a DAPI filter and Achromat 10X objective lens. The images were analyzed using iVision-Mac software (BioVision Technologies, Exton, PA) and the percentage of dying cells was quantified by counting the proportion of cells that had abnormally bright fluorescence and abnormal nuclear morphology relative to the total number of cells on the dish [17] . Cells in mitosis were counted as normal. At least 300 cells were counted per plate, per experiment, repeated at least three times. We verified the constructs induce cell death using the Trypan Blue exclusion assay [18] . The transfection efficiency was determined by staining a coverslip that was added to the dishes for expression of the HA-tagged ubiquilin-2 constructs. We routinely obtained >95% transfection efficiency in the experiments. cold 1x PBS and the cells were scraped from the dishes in RIPA buffer (0.2% NP40, 50mM Tris pH 7.5, 150mM NaCl, 2mM EDTA, 1mM Pefabloc, 5uM leupeptin). They were then sheared by repeated passage through a 25-gauge needle and clarified by centrifugation at 5000 rpm for 5 min. The supernatants were removed and added to 20 μl of RIPA buffer equilibrated Protein A/G Dynabeads (Life Technologies, Grand Island, NY) and rotated for 30 min to remove non-specific binding. The supernatants were recovered following separation of the beads with a magnet and transferred to a fresh tube containing 40 μl of RIPA buffer equilibrated Protein A/G Dynabeads that were previously preincubated with 5μL of rabbit anti-HA antibody for 1.5 hr. The mixture was incubated at 4°C with gentle rotation. The beads were then recovered with a magnet and washed five times with RIPA buffer. SDS-sample buffer was then added to the beads and the mixture was then heated at 100°C for 5 min. Equal portions of the supernatants were then separated by SDS-PAGE and immunoblotted for the proteins mentioned.
Cycloheximide-chase experiments
The turnover of HA-tagged ubiquilin-2 and endogenous Myc protein was measured by immunoblotting equal amounts of protein lysate that were collected at various time intervals, as indicated in the figures, from HeLa cultures to which cycloheximide was added to a final concentration 100 μM to block new protein synthesis [19] .
Proteasome activity assays
Proteasome activity (chymotrypsin-like activity) was measured using the 20S proteasome activity assay kit (Millipore), which uses N-succinyl-Leu-Leu-Val-Try-AMC (7-amino-4-methycoumarin) as a fluorogenic substrate. In these assays, equal amounts of protein contained in microsomes prepared from HEK293-CD3cells that were either mock transfected or transfected with siRNAs against erasin or ubiquilin-1/2 were incubated with the fluorogenic substrate with and without the proteasome inhibitor lactacystin [20] . After 1 hr incubation of the reactions at 37°C, the fluorescence (380 nm excitation/460 nm emission) was measured using a fluorescent plate reader (SpectraMax Gemini; MDS Analytical Technologies), and the proteasome activity reported was calculated by subtracting the fluorescence reading of the reaction incubated with lactacystin from that lacking the inhibitor. The linearity of the fluorescence detection of the plate reader was established using increasing amounts of 7-amino-4-methycoumarin (Enzo Life Sciences, Inc., Farmingdale, NY).
Immunoblotting
Protein lysates were prepared by washing cell cultures 3 times with ice-cold PBS followed by addition of a solution composed of 0.5% SDS, 0.5% NP40, 0.5% sodium N-lauroylsarcosine, 50 mM Tris pH 6.8, 150 mM NaCl, 20 mM EDTA, 1 mM EGTA, 25 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM Pefabloc (AEBSF, Roche, Indianapolis, IN), 1 mM leupeptin, and 1 mM aprotonin) [21] . The lysates were then sheared by repeated passage through a 25-gauge needle at least 15 times. The protein concentration of the lysates was determined by the bicinchonic acid assay (BCA) (Thermo Fisher Scientific, Waltham, MA) and mixtures prepared containing equal amount of protein in standard SDS/gel loading buffer. The mixtures were heated for 5 min at 100°C and equal amount of the samples were separated by SDS-PAGE. The separated proteins in the gels were then transferred onto a 0.45 μm PVDF membrane (Millipore, Billerica, MA) for 3hr at 200mA using the Mini-Trans Blot cell system (BioRad, Berkeley, CA) and the membranes probed by immunoblotting with appropriate primary and secondary antibodies. The following primary antibodies were used: mouse monoclonal antibodies to HA (Sigma-Aldrich, St Louis, MO), Myc (9E10 prepared in-house), ubiquitin (#sc8017, Santa Cruz Biotechnology, Inc., Dallas, TX) and rabbit antibodies to HA, GST (all generated in-house), and goat antibodies to actin (Santa Cruz Biotechnology). Binding of primary antibodies was detected by incubation with appropriate secondary horseradish peroxidase-conjugated antibodies using the SuperSignal West Pico system (Thermo Fisher Scientific, Rockford IL) and the chemiluminescence signal was captured using the Fluoro-Chem M imager (Protein Simple, Santa Clara, CA). The following secondary antibodies were used: goat anti-mouse, goat anti-rabbit and rabbit anti-goat (Pierce Biotechnology, Rockford, IL). The intensity of different bands was quantified using AlphaView software (Protein Simple).
Cloning and expression of recombinant proteins
Ubiquilin-2 proteins encoding either WT or each of the five different ALS mutations mentioned were expressed in eukaryotic or prokaryotic cells as either HA-or GST-tagged proteins, respectively. The five ALS mutations described by [5] were introduced into the cDNA encoding full-length human ubiquilin-2 by site-directed mutagenesis using the procedure as described previously [22] . The resulting cDNAs were fully sequenced and verified to encode only the desired mutations. For eukaryotic expression, cDNAs encoding the complete open reading frame (ORF) of ubiquilin-2 was cloned in-frame downstream of the HA tag using the CMV-HA expression vector (Clontech Laboratories, Inc., Mountain View, CA). For prokaryotic expression the cDNAs were cloned in-frame downstream of GST using the pGST/His T1 vector (GE Healthcare Bio-Sciences Corp, Piscataway, NJ). All the expression constructs were found to encode the correct size polypeptides by immunoblotting.
GST-fusion proteins were purified from Escherichia coli BL21(DE3) that had been transformed with the expression plasmids and induced with 0.4 mM IPTG for 4 hrs at 37°C using a standard protocol. The proteins were dialyzed overnight in 20mM Tris pH 8.0, 150mM NaCl, 10% glycerol buffer and adjusted for equal protein content of the full-length polypeptide by Coomassie blue staining. The HIS-tagged human S5a protein was expressed in bacteria following cloning of the entire open reading frame (377 aa) in the pET-21a (Novagen, Billerica, MA) vector. The plasmids were transformed into E. coli BL21(DE3) and protein expression was induced with 1.0 mM IPTG for 4 hrs at 37°C. Bacteria were lysed by sonication and frozen at -20°C until needed.
HIS-tag protein purification
Bacterial pellets containing induced HIS-S5a protein was thawed and resuspended in a solution containing 50mM Tris pH 8.0 and 10% sucrose. The suspension was incubated with fresh lysozyme to 0.2 mg/l and left on ice for 30 min. The bacteria were lysed by addition of NP40 to a final concentration of 0.1%. Following 10 min of incubation on ice the lysates was sonicated at 30% output two times for 2 min using a Branson Sonifier 450 (Branson Ultrasonics, Danbury, CT), and then centrifuged at 20,000 rpm for 30 min at 4°C in the 70Ti rotor. The supernatant was collected and incubated with Ni-NTA agarose beads (Qiagen Inc., Valencia, CA), for 4 hrs at 4°C with gentle rotation. The mixture was then loaded onto a 10mL column and washed with 3 column volumes of wash buffer (50mM Tris pH 8.0, 350mM NaCl, 10% glycerol, 30mM imidiazole) and 2 column volumes of wash buffer lacking NaCl and then the bound HIS-tagged proteins were eluted with 50mM Tris pH 8.0,10% glycerol, 250mM imidazole. The eluted proteins were dialyzed against 20mM Tris pH 8.0, 150mM NaCl, 10% glycerol buffer and frozen in small aliquots at -80°C.
GST protein purifications and GST-pull-down assays
Bacteria pellets from the GST inductions were lysed and clarified as described for the His-purification procedure. The resulting supernatants were incubated with glutathione-agarose beads (Sigma-Aldrich) for 2 hrs at 4°C with gentle rotation. The mixture was poured onto a column and after extensive washing the GST proteins were eluted from the column with 20mM Tris 8.0, 10% glycerol, 1mM EDTA, and 10mM glutathione. The purified GST-fusion proteins were dialyzed in buffer composed of 20mM Tris pH 8.0, 150mM NaCl and 10% glycerol for 3 hrs at 4°C, then aliquoted in small amounts and stored until needed at -80°C. Protein concentration was determined using the BCA reagent for each purified GST-tagged ubiquilin-2 fusion protein. Equal amount of each protein was then separated by SDS-PAGE and the gel stained with Coomassie Blue to ensure the protein used in the assays were of similar purity and for estimation of protein loading. The intensity of full-length GST-ubiquilin-2 band at~100 kDa was used to gage protein loading. Equal amounts of each GST purified protein (4 μg) were incubated with the same amount of HIS-S5a protein (2 μg) in 800μL 2% Chaps buffer (20mM Tris pH 8.0, 150mM NaCl, 2mM MgCl 2 , 10% glycerol, 2.0% Chaps). 70μL of equilibrated glutathione agarose beads were added and the proteins were incubated for 2 hrs rotating at room temperature. The mixture was centrifuged again at 5000 rpm for 5 min and the supernatant was discarded. The beads were washed four times with 1 x PBS with 2% Tween-20 and 200 mM KCL and one time with 1 X PBS, re-suspended in the SDS sample buffer and heated for 5 min at 100°C. Equal volumes of the pulldown assays were separated by SDS-PAGE and proteins were detected for S5a and GST protein pulldown. The ratio of S5a pulldown relative to the GST-fusion protein was calculated for each sample.
Statistical Analysis
Experiments were performed a minimum of three times. Student's t-test and ANOVA tests were performed using GraphPad Prism software (GraphPad Software Inc, San Diego, CA). Data where a significant difference (p<0.05%) was found is shown by an Ã .
Results
Ubiquilin-2 proteins containing ALS mutations have longer half-lives
To determine if ubiquilin-2 proteins carrying ALS-linked mutations are inherently different from the wild type (WT) protein, and/or from one another, we compared the half-lives of the proteins following expression in HeLa cells, suspecting they might be different. Accordingly, we expressed cDNAs encoding full-length WT human ubiquilin-2 and each of the five mutations described by Deng et al. [5] as N-terminal HA-tagged proteins in HeLa cells and measured the turnover of the proteins by cycloheximide-chase experiments. Immunoblots of the protein lysates from the transfected cells using an anti-HA antibody revealed only one reactive band of the predicted size for full-length ubiquilin-2 polypeptide. We did not detect any additional fragment(s) that might have been the counterpart of the C-terminal ubiquilin-2 fragment reported previously [23] . The proteins were expressed at similar levels, although slight differences were noted (Fig 1A) . The expressed proteins were found by biochemical fractionation experiments to have similar distributions in the cell [18] . We also analyzed whether overexpression of the ubiquilin-2 proteins affects accumulation of proteasome components, but found no statistical alteration in the levels of either the S5a or the alpha 6-subunit, two random proteasome subunits we selected for examination (Fig 1B and 1C) . We next measured the turnover of the expressed ubiquilin-2 proteins using cycloheximidechase experiments. Analysis of their turnover indicated all of the ubiquilin-2 mutants had longer half-lives than the WT protein (Fig 2A and 2B) . Two-way ANOVA analysis of the data indicated that all of the mutant proteins, except for the P497H mutant, had statistically longer half-lives compared with WT ubiquilin-2 protein (evident at the 4 hr time point. p<0.05). Further analysis indicated there was no statistical difference between the stability of the mutants with each other.
Overexpression of all five ubiquilin-2 mutations slow Myc protein degradation
Because ubiquilin protein function in protein degradation [24, 25] we next examined whether overexpression of wild type ubiquilin-2 and each of the five ubiquilin-2 mutants affects Myc protein degradation. Myc protein was examined because it is subject to rapid ubiquitin-dependent proteasomal degradation [26] . Also, we wanted to monitor turnover of an endogenous protein rather than an artificial reporter. 2-way ANOVA quantification of the data revealed that overexpression of all five ubiquilin-2 mutants significantly slowed Myc protein turnover at the 1 hr time point compared with mock transfected cells (p< 0.05) (Fig 2A and 2C) . Importantly, Myc protein stability was not altered by overexpression of WT ubiquilin-2, indicating the change brought about by the mutants is not from simple overexpression of ubiquilin-2 (Fig 2A and 2C) .
ALS ubiquilin-2 mutants can capture polyubiquitinated proteins efficiently
Because ubiquilin proteins shuttle polyubiquitinated proteins to the proteasome for degradation we next examined whether the reduction in Myc protein turnover induced by the UBQLN2 mutants stems from a general failure of the mutants to bind polyubiquitinated proteins. To examine this possibility we immunoprecipitated the ubiquilin-2 proteins with an antibody against HA, which we used to tag each of the expressed proteins, and examined the precipitates for the presence of ubiquitinated proteins by immunoblotting (Fig 3) . The specificity of the immunoprecipitation was assessed by conducting a control immunoprecipitation of cells not transfected with any HA expression construct. The immunoblots revealed a higher abundance of ubiquitinated proteins that coimmunoprecipitated with all of the HA-tagged WT and ubiquilin-2 mutants, compared with the mock control (Fig 3A) . Quantification of the ubiquitin immunoreactivity relative to HA-tagged protein brought down in each lane revealed more polyubiquitinated proteins coimmunoprecipitated with two of the mutants, P497H and P506T, than with WT ubiquilin-2 ( Fig 3B) . The other mutants (P497S, P509S and P525S) also all brought down more polyubiquitinated proteins than the WT protein, but the difference was not statistically significant (Fig 3B) . We considered several possibilities that might account for the general increase in association of polyubiquitinated proteins with the mutants. Either the mutants bind the polyubiquitinated proteins with higher affinity or the mutants are defective in delivery of the polyubiquitinated proteins to the proteasome for degradation. Another unlikely, but remote possibility is that the mutants increase polyubiquitination of proteins, which then associate with the mutants. Based on the known function of ubiquilin proteins we considered the former two possibilities to be the more likely reason. Fig 1. 24 hrs after the transfection, lysates were made from each culture and divided into two equal portions. One set was used to immunoprecipitate the expressed HA-tagged ubiquilin-2 proteins using a polyclonal anti-HA antibody. Equal amounts of the precipitates were then examined for immunoprecipitation of the HA-tagged ubquilin-2 proteins and for co-immunoprecipitation of ubiquitinated proteins (anti-ubiquitin) and the alpha 6-subunit of the proteasome. Equal amounts of protein from the remaining half of the lysates were immunoblotted for ubiquitin, HA, alpha 6-subunit, and actin. (B) Graph showing quantification of the polyubiquitin signal that was co-immunoprecipitated relative to the amount of HA-tagged ubiquilin-2 immunoprecipitated in each lane. This ratio was then normalized to that of WT ubiquilin-2. Errors bars show standard error of the mean. The * indicated the two mutants that bound significantly more polyubiquitin proteins (p<0.05). (C) Similar to B, but showing analysis for the alpha 6-subunit. The * indicates the four mutants that bound significantly less alpha 6-subunit compared with WT ubiquilin-2 (p<0.05).
The ubiquilin-2 mutants are defective in proteasome binding
To test the idea that the ubiquilin-2 mutants are defective in binding the proteasome, we repeated the immunoprecipitations but this time probed the precipitates for the alpha 6-subunit of the proteasome, which is a component of the 20S core particle of the proteasome [27, 28] . The amount of alpha 6-subunit that was coimmunoprecipitated was normalized to the amount of HA-tagged protein that was immunoprecipitated for each construct (Fig 3A) . The quantification revealed that all of the mutants, except the P497H mutant, bound significantly less alpha 6-subunit than WT ubiquilin-2 protein (Fig 3C) . The results indicate a general trend whereby most of the UBQLN2 mutants bind less efficiently to the proteasome.
In vitro binding experiments confirm the ubiquilin-2 mutants are defective in proteasome binding
Previous studies have shown the UBL domain of ubiquilin docks with the S5a subunit of the proteasome [14] , suggesting the likely mechanism by which ubiquilin proteins facilitate delivery of polyubiquitinated proteins captured by its UBA domain for proteasomal degradation. To determine if the reduction in proteasome binding was from a failure of the ubiquilin-2 mutants to bind the S5a subunit, we conducted GST pulldown assays. Accordingly, GST-fusion proteins encoding either WT ubiquilin-2 or each of the five mutations were purified together with His-tagged human S5a protein (Fig 4A) . Coomassie staining revealed that all the GSTubiquilin-2 proteins were of similar purity (Fig 4A) reducing the likelihood that any difference in S5a-His binding stemmed from differences in their purity. The pulldown assays revealed that the GST-fusion proteins carrying each of the five UBQLN2 mutations bound significantly less S5a-His compared with the fusion protein encoding WT ubiquilin-2 ( Fig 4B) . As expected, the control GST alone bound only trace amounts of S5a-His. Quantification of the pulldowns indicated that GST-ubiquilin-2 proteins containing all five ALS mutations have reduced binding to the S5a subunit of the proteasome (Fig 4C) . One-way ANOVA analysis of the data indicated that reduction in binding was significant for the P497S, P506T and P525S mutations, but not the P497H and P509S mutations. The data supports the idea that ubiquilin-2 proteins carrying ALS mutations are defective in delivery of ubiquitinated substrates to the proteasome for degradation.
Overexpression of ubiquilin-2 proteins carrying ALS mutations does not affect proteasome activity
Because the main defect of the ubiquilin-2 mutants is in delivery of substrates to the proteasome for degradation we predicted that overexpression of the ubiquilin-2 mutants in cells would not affect proteasome activity. Accordingly we measured proteasome activity (chymotrypsin activity) of equal amounts of protein in lysates prepared from HeLa cells that were either mock transfected or transfected with WT or the ubiquilin-2 mutant cDNAs (Fig 5) . Consistent with our prediction, we found proteasome activity was not significantly changed by overexpression of either the WT or mutant ubiquilin-2 proteins.
Overexpression of ubiquilin-2 proteins carrying ALS mutations increase cell death
A more plausible explanation for the detrimental effects of the mutants is that failure to deliver their captured ubiquitinated cargo would cause a buildup of ubiquitinated proteins in cells leading to dysregulation in protein degradation an increase in cell death. To examine this possibility we quantified cell death in HeLa cell cultures transfected with the different constructs (Fig 6) . The quantification revealed that overexpression of all five mutants increased cell death significantly compared with the mock-transfected cells (Fig 6B, p<0.05) . Overexpression of WT ubiquilin-2 also increased cell death, but the increase was smaller and was non-significant when compared to the mock-transfected cells.
Discussion
Here we have presented evidence showing that ubiquilin-2 proteins carrying ALS-linked mutations slow degradation of Myc, a prototypic proteasome substrate. The retardation of protein degradation was found upon overexpression of all five ALS mutations we tested, but not upon overexpression of WT ubiquilin-2, demonstrating both the generality and specificity of the defect in only mutant ubiquilin-2 proteins. The interference in protein degradation is consistent with a similar defect reported previously for two of the mutants we studied [5, 10] . By examining differences in proteins that coimmunoprecipitated with WT and mutant ubiquilin-2 proteins we obtained insight into the likely mechanism by which the mutants impede protein degradation. Our results revealed that although ubiquilin-2 proteins containing the ALS mutations are competent in binding polyubiquitinated proteins they are less able to bind the proteasome compared with WT ubiquilin-2 protein. A likely explanation for the reduction in proteasome binding was our discovery that many of the mutant proteins bind weaker to the S5a subunit component of the19S cap of the proteasome compared with WT ubiquilin-2. The S5a subunit is a receptor to which the UBL domain of ubiquilin-2 normally docks [14] . Together these results suggest that the ALS mutations in ubiquilin-2 that we studied impede protein degradation by capturing, but failing to deliver the captured ubiquitinated cargo to the proteasome. The mechanism of inhibition is consistent with dominant interference of protein degradation by the mutants.
The reduction in binding of the ubiquilin-2 mutants to the proteasome that we uncovered through quantification of alpha 6 and S5a subunit binding was less obvious for some of the mutants. For example, the P497H mutant still displayed reasonable binding to the alpha 6 and S5a subunits in both our immunoprecipitation and GST-pulldown assays. Nevertheless, this mutant induced high accumulation of polyubiquitinated proteins in cells compared to the other mutants, clearly indicating it causes some defect in either inducing and/or clearing polyubiquitinated from cells. One possibility is that although the mutant can bind to both polyubiquitinated proteins and the proteasome, differences in its affinity in these binding could interfere with proteasome degradation. In this regard, it will be important to determine if the UBQLN2 mutants have any alteration in their binding affinity with different ubiquitin chains and/or with other ubiquilin-2 receptors in the proteasome. A further possibility is that adventitious binding of the mutants with other proteins in the cell might also lead to a disruption in proteasome delivery. Investigation of these issues could be instructive.
The positions of the five ubiquilin-2 mutations we examined are all located in the central domain of the protein, close to, but not in the UBL domain itself. We suggest two possible mechanisms by which the mutations could reduce ubiquilin-2 interaction with the proteasome. First, either the amino acids mutated, or the sequence surrounding them, together with the UBL domain, contribute in proteasome binding. In this scenario loss of binding to the proteasome is directly related to an alteration in the binding sequence by the mutations in ubiquilin-2. A second possibility, and one that we favor, is that the mutations induce a structural change in the ubiquilin-2 polypeptide interfering with the ability of the UBL domain to bind the proteasome. Curiously all of the ALS mutations we studied are located closer to the UBA domain than the UBL domain, varying approximately 50 to 80 aa from the UBA domain and 390 to 420 aa from the UBL domain. Thus the mutations appear to have a more drastic effect on the more distal of its two functional domains. Obviously, we cannot rule out the possibility it affect both domains. We believe resolution into these and other possibilities will become evident once the structure of the WT and mutant ubiquilin-2 proteins are solved. This might require information when bound to their captured ubiquitinated cargo.
A prediction based on the reduced ability of the ubiquilin-2 mutants to bind the proteasome would mean that over time the captured ubiquitinated cargo bound to the mutants would accumulate in cells, potentially causing toxicity. Consistent with this idea, overexpression of the ubiquilin-2 mutants led to an overall increase in both cell death and accumulation of polyubiquitinated proteins in cells transfected with the majority of the mutants. A smaller increase was seen upon overexpression of the WT protein. A possible explanation for this increase is that excessive amounts of ubiquilin-2 in cells might lead to uncoordinated binding of the protein to ubiquitinated proteins and/or the proteasome, disrupting proteostasis. Another possibility is that overexpression could lead to unregulated binding of ubiquilin-2 to its other partners, such as erasin, UBXD8, hnRNPA1 or with other ubiquilin proteins, all of which have been shown to bind ubiquilin-2 [9, 18, 20] . Such unregulated binding could interfere with either one or both of these protein functions, leading to toxicity. Whether this toxicity is unique to overexpression of ubiquilin-2 or other ubiquilins remains to be established. It is interesting to note that we recently generated transgenic mice overexpressing WT ubiquilin-1 and found no detrimental effects from its overexpression [29] .
Besides the defect in proteasomal degradation, a potentially compounding property of all the ALS mutations was their effect in altering the intrinsic stability of ubiquilin-2 protein itself. The turnover studies indicated that all the mutations examined, with the exception of the P497H mutation, significantly increased ubiquilin-2 protein stability. However, even the P497H mutation increased ubiquilin-2 protein to some degree. The implication of such a prolongation in their half-lives would mean that over time the mutant ubiquilin-2 proteins would increase in abundance in cells, thereby compounding toxicity.
The defect of the ubiquilin-2 mutants we studied here focused on its function in proteasome degradation. However, ubiquilin proteins have been implicated in several additional functions, including it more specialized role in ERAD as well as in autophagy [20, [30] [31] [32] . It will be important to examine if, and how, the mutations affect these or its other functions.
In summary our results have provided mechanistic insight into how certain ubiquilin-2 mutations interfere with protein degradation. The insight we have provided should be useful in devising therapeutic strategies to alleviate the toxicity.
